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SUMMARY 
 
We investigated mushroom (Agaricus Bisporus) as a model material to verify the thesis that capillary-porous 
colloidal materials can be dried at desired quality with well-planned drying strategy considering properties of the 
drying material as contrasted with classical combined dehydration processes.  
 
The experiments have justified that there is no possibility to produce satisfactory products by using only 
microwave or only convective drying. At the same time suitable combined drying could produce easy eatable, i.e., 
snack-like products, but instant ones, which can be rehydrated perfectly, could not. 
 
Our investigations proved that the most effective drying strategy was the following:  
 
1. convective predrying at the period of the constant drying rate, 
2. microwave drying at the beginning period of the decreasing drying rate, 
3. convective drying again at the final period of the decreasing drying rate to be homogeneous dispersion of the 
moisture content. 
 
The most important benefits of the recommended drying strategy are decreasing the drying time, homogeneous 
dispersion of temperature and moisture as well as puffing possibility of the product. 
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INTRODUCTION 
 
Keeping the biological properties, taste and nutritional value of the raw materials the considerate drying 
technologies are of interest in the market and the alternating drying methods become more and more important 
(Szabó et al. 2002; Szabó és Rigó, 1998; Tulasidas et al., 1995). 
The convective-microwave alternating drying gives possibility to change the mechanism of the moisture 
transport with which ordering and controlling the inner processes of the material can be possible to produce the 
desired product (Szabó et al., 1998; Hodúr et al., 1998). 
The drying technology producing the desired products depends on both the pretreatment of the raw materials, 
and the mechanism of the moisture transport in liquid form to the surface. 
The liquid form transport is much more powerful if the directions of the transport induced by the moisture 
conductivity and the heat-moisture conductivity are the same. This can be assured using microwave drying. 
It is well known that the combined convective-microwave drying guarantees the control of the moisture 
transport and thus the quality of the drying material (Baker, 1997; Toledo, 1994). The combined technique means 
that the convective heat treatment is suitable for certain moisture linkage (removing free water, polimolecular and 
partly the monomolecular moisture amount), while in the final period of the drying the microwave heat treatment is 
suitable, because of the increased moisture linkage energy. Our experiments led to a little bit different results from 
that. 
 
MATERIALS AND METHODS 
 
The mushroom has high biological value. It can be makeable exquisitely; it can be additive for instant 
desiccated soups, meat and rice meals, stew. In snack form customers also love it. Today the largest part of the 
cultivated varieties of mushrooms in Hungary belongs to the champignon, which gives 60-65% of the harvest and 90-
95% of the export of mushroom. The small amount of the dehydrated mushroom export (about 1%) can be explained 
by the slightly elaborated drying technology producing good quality products. 
Several drying techniques, i.e., convective heat, combined convective-microwave, vacuum microwave, and 
freeze-drying can produce dried mushroom. Among them freeze-drying can make the top grade products. However, 
the combined convective-microwave treatment does not always meet the prescribed quality demands because of the 
imperfection in the applied dehydration technology. 
Essentially the mushroom is a colloidal, disperse material, and capillary-porous considering the structure. The 
liquid is in the cells as cell fluid on the one part, and is in other colloidal gels of periblast and cells on the other. The 
combined convective-microwave treatment is manageable successfully for this kind of materials  
Efficiency of the microwave treatments depends greatly on the raw materials and the treatment is influenced by 
several other facts, i.e., the geometrical, thermal, physical etc. properties of the material, but mostly the temperature 
distribution in it. Fig. 1 shows the heating profile in mushroom caused by microwave impingement. We can improve 
this inhomogeneous distribution using pretreatment processes (blanching, antioxidant additive agent) and the proper 
setting the operational parameters of the alternating drying. 
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Fig. 1. Measured two-dimensional heating profile in mushroom (dark: lowest temperature, light: highest temperature)  
Ponne, C. T. (1966). Interaction of electromagnetic energy with vegetable food constituents. Ph.D. Thesis, Technical University 
Eindhoven, NL.) 
 
The experimental schedule was: 
• investigation of the drying properties of mushroom (moisture content determination, taking drying and drying 
rate curves),  
• modeling convective drying with unit heater (thermo-ventilator),  
• investigation of the effects of blanching and antioxidants,  
• investigation of the combined drying (convective pre-drying and conditioning, pulsed system microwave drying, 
convective post-drying for temperature homogenizing). 
 
Fig. 2 Aero-vibro-fluidized bed dryer 
 
 
Fig. 3 Professional microwave equipment LABOTRON-500-type 
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The convective pre-heating was carried out by the aero-vibro-fluidized bed dryer (Fig. 2). Pretreatment: washing 
cold water, getting off the leg of mushroom at alignment of the head. Slicing chips with 5 mm thick. Airflow rate was 
2 m/s. The temperature of the drying air was 80 °C. Thickness of layer: 60 mm. Sampling rate: 20 min. 
The pulsed system microwave treatment was carried out by the Bucher manufactured LABOTRON 500-type 
professional equipment with vacuum possibility and center plate (Fig. 3). Different samples of mass were treated by 
the microwave until mass constant with 1 min treatment – 30 sec conditioning (in the meantime the mass decrement 
was weighed). The residual moisture content was determined with rapid moisture-content measuring equipment. 
In the alternating drying the samples were dried with convective treatment for 20, 40, 60, 80 min, the treatment 
and the conditioning time was 1 min. After the pre-drying the microwave treatment followed for 1, 2, 3, 4, 5 min. 
The process was finished with post-drying with convective heat treatment again until the equilibrium moisture 
content for homogenization of the moisture content. 
 
RESULTS AND DISCUSSIONS 
 
Kinetics of the drying of mushroom was investigated and the operational times were determined for the different 
drying periods of the alternating dehydration. The drying curves (kinetics curves, Fig. 4) and the drying rate curves 
(Fig. 5) were admeasured with OHAUS infrared weighing machine. 
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Fig. 4 Drying curve of the champignon measured by OHAUS infrared weighing machine 
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Fig. 5 Drying rate curve of the champignon measured by OHAUS infrared weighing machine 
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Fig. 6 Idealized drying curve and linearized drying rate curve 
 
The champignon has the typical drying periods as the colloidal-capillary porous materials have based on and 
proved by the drying rate curve 100of Fig 5. The rapid warming-up period is followed by the constant drying rate 
period until the first critical moisture content Wkr1 attained, then the inflection point of the decreasing drying rate 
curve Wkr2 can be explained by the changes in the moisture conduction mechanism (Fig. 5 and 6). 
In the first, i.e., constant drying rate period we used convective heat treatment, in the second, i.e., the initial 
section of the decreasing rate period we used microwave treatment, while in the third, i.e., the terminal section of the 
decreasing rate period we used convective treatment again. For this alternating drying process we had to calculate the 
drying times with different equations reckoned with the W0-Wkr1, Wkr1-Wkr2 and Wkr2-We periods, respectively (Fig. 6). 
 
THE THEORETICAL MODEL OF THE ALTERNATING DRYING PROCESS 
 
In Fig. 7 the flowchart for model developing of the alternating drying process can be seen, which can be used in 
general for the same processes. 
In our work we have made an attempt to develop a considerate procedure combining convective and microwave 
drying for producing products with novel consumer goods properties, i.e., to be instant and/or snack-like. One of the 
criterions was that the rehydrated product should be similar to the fresh yield, especially considering its eatable 
properties, as far as possible.  
Firstly we constructed the initial verbal model. After that we gave a very general mathematical model 
formulated by differential equations with the unicity conditions. We plotted the drying curve and the drying rate 
curve similar to Fig. 6. The next step was the simplification and giving the solution of the equations (Szabó et. al. 
2002). We investigated the sensitivity of the operational parameters for different drying strategies, and then we 
worked out the experiments. 
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Fig. 7 Flowchart of the model development 
 
We optimized the parameters, evaluated the quality of yields, and made the proper corrections. 
To test the model was based on the curves of Fig 6. In the figure the residual moisture contents Wm1, Wm2 are 
the intersections of the null rate curves and the axis of abscissa on the right side. The simplification of the model was 
elaborated (Szabó et. al. 2002) and the determination of the drying times was put in based on Toledo (1994). 
Drying time for the constant rate period (convective predrying): 
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Drying time for the terminal section of the decreasing rate period (convective treatment again): 
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The total drying time for the alternating drying process: 
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TESTED MODEL OF THE ALTERNATING DRYING PROCESS 
 
The accurate values of the drying time for the different periods can be determined after the theoretical 
calculations only to do experiments, i.e., under empirical way (Beke, 1997; Rajkó et al. 1997; Szabó et al. 2002).  
The microwave treatment was carried out with 1 min treatment – 1 min conditioning after 20, 40, 60 and 80 min 
convective predrying, the results are in Table 1. These results buttress up the argument that there is no possibility to 
decrease the damp with microwave treatment after predrying of 60 and 80 min because of the thick stratification.  
 
Table 1 Mass decrement during convective predrying and microwave treatment of different operational time 
Microwave drying 
time [min] 
Mass decrement [g] 
Depends on the convective predrying time 
 Raw material 20 min 40 min 60 min  80 min 
      
Initial mass Æ 8.27 9.05 5.61 4.64 6.51 
      
0 8.27 4.99 1.35 0.57 0.63 
1 6.92 4.72 1.22 0.57 0.63 
2 4.50 4.06 1.08 0.57 0.63 
3 3.29 3.43 0.98 0.57 0.63 
4 2.78 2.97 0.92   
5 2.50 2.60 0.88   
Residual 
moist. cont. 
W=73.15[%] W=71.71[%] W=48.15[%] W=33.77[%] W=15.97[%] 
 
Two typical drying strategies follow to illustrate the case that the desired properties of the production were 
attainable adjusting the proper operational parameters of the alternating drying processes. 
S1 drying strategy (Winit.=90%, t=70 C0 , v=2m/s, 2 min blanching with 0.1% citric acid + 0.1% potassium 
metabisulphite + 0.1% NaCl in water solution) 
• convective predrying until moisture content of 50 % 
• 1 min conditioning in vacuum (20 mbar) 
• 500 W microwave treatment of 7 min – 1,5 min conditioning in vacuum 
• convective postdrying – moisture balancing 
Quality of the product: drab colored sponged structure, brownish skin, and thick stratification during rehydration. 
S1 drying strategy (Winit.=90%, t=60 C0 , v=2m/s, 2 min blanching with 0.3% citric acid + 0.1% potassium 
metabisulphite + 0.1% NaCl in water solution) 
• convective predrying until moisture content of 40 % 
• 1 min conditioning in vacuum (20 mbar) 
• 500 W microwave treatment of 5 min – 1,5 min conditioning in vacuum 
• convective postdrying – moisture balancing 
Quality of the product: sponged structure, brownish skin, arid and crispy, i.e., and snack-like, thick stratification 
during rehydration. 
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CONCLUSIONS 
The experiments have justified that there is no possibility to produce satisfactory products by using only 
microwave or only convective drying. At the same time easy eatable, i.e., suitable combined drying could produce 
snack-like products, but instant products, which can be rehydrated perfectly, could not.  
Iinitial section of the decreasing rate period could improve the quality of the end product. We stated that the use 
of blanching and antioxidants could be advantageous for homogenizing the temperature distribution. 
Snack-like end-product can be produced from champignon with the recommended drying strategy, i.e., 
convective predrying until 40 % moisture content, conditioning, pulsed system microwave drying (500 W nominal 
power, 20 mbar vacuum, 5-6 min microwave treatment), end finally convective post-drying of 1-2 min for 
temperature homogenizing. 
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